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Mitochondria are essential organelles that produce
most of the energy for a cell, but concomitantly accu-
mulate oxidative damage. Degradation of damaged
mitochondria is critical for cell homeostasis, and
this process is thought to bemediated bymitophagy,
an autophagy-related pathway specific for mito-
chondria. However, whether mitochondria are selec-
tively degraded, and how the autophagic machinery
is targeted to mitochondria, remain largely unknown.
Here we demonstrate that, in post-log phase cells
under respiratory conditions, a substantial fraction
of mitochondria are exclusively sequestered as
cargoes and transported to the vacuole, a lytic
compartment in yeast, in an autophagy-dependent
manner. Interestingly, we found Atg32, a mitochon-
dria-anchored protein essential for mitophagy that
is induced during respiratory growth. In addition,
our data suggest that Atg32 interacts with Atg8 and
Atg11, autophagy-related proteins critical for recog-
nition of cargo receptors. We propose that Atg32
acts as a mitophagy-specific receptor and regulates
selective degradation of mitochondria.
INTRODUCTION
Degradation of excess or dysfunctional organelles is one of the
major problems that eukaryotes face in maintaining cell integrity
and adapting cellular activities to environmental changes. To
solve this fundamental issue, cells utilize autophagy, which is
a self-eating system that generates double-membrane vesicles
called autophagosomes, sequesters cytoplasmic components
as cargoes, and transports them to lysosomes (vacuoles in yeast)
for degradation (Mizushima, 2007; Mizushima et al., 2008; Naka-
togawa et al., 2009; Suzuki and Ohsumi, 2007; Xie and Klionsky,
2007). Although autophagy is widely recognized as a bulk,
nonselective process that is inducedby nutrient starvation, accu-
mulating evidence demonstrates that specific cargoes are selec-
tively eliminated through autophagy-related pathways (Bernales
et al., 2006; Kraft et al., 2008; Xie and Klionsky, 2007; Yu et al.,D2008). These processes, called selective autophagy, involve
particular cues and receptors for their induction and cargo recog-
nition, respectively (Bjorkoy et al., 2005; Farre et al., 2008; Sakai
et al., 1998; Scott et al., 2001; Shintani et al., 2002; Suzuki et al.,
2002). With those features, selective autophagy contributes to
the organelle quality and quantity control. One example, pexoph-
agy, is autophagy-related selective degradation of peroxisomes
in methylotrophic yeasts (Sakai et al., 2006).
It is conceivable that mitochondria are the primary targets of
selective autophagy, because they accumulate oxidative
damage due to their own by-products, reactive oxygen species
(Kim et al., 2007; Lemasters, 2005). Consistent with this idea,
autophagy-dependent clearance of dysfunctional mitochondria
is important for organelle quality control (Twig et al., 2008a,
2008b). Loss of mitochondrial activities promotes organelle
degradation, and defects in autophagy cause mitochondrial
abnormalities, the latter of which might ultimately be associated
with cell aging (Komatsu et al., 2005; Tatsuta and Langer, 2008;
Yen and Klionsky, 2008). Interestingly, Parkin, a Parkinson’s
disease-associated protein, promotes autophagy-dependent
degradation of impaired mitochondria, highlighting a possible
link between mitochondrial autophagy and neurodegenerative
disorders (Narendra et al., 2008). Moreover, autophagy-related
complete elimination of mitochondria is critical for reticulocyte
and erythrocyte maturation, implying a role of mitochondrial
autophagy in cell differentiation (Sandoval et al., 2008; Schweers
et al., 2007).
Autophagy-dependent degradation of mitochondria, termed
mitophagy, is a fundamental process conserved from yeast to
humans, and studies in the budding yeast Saccharomyces cere-
visiae provide some clues about mitophagy. Vacuole-dependent
mitochondrial degradation has previously been found in cells
under respiratory conditions (Campbell and Thorsness, 1998).
Recent studies reported that, during respiratory growth, mito-
chondria are transported to the vacuole in an autophagy-depen-
dent manner, suggesting that mitophagy occurs without nutrient
starvation (Kanki and Klionsky, 2008; Tal et al., 2007). Accumu-
lation of dysfunctional mitochondria also causes mitophagy in
yeast (Nowikovsky et al., 2007; Priault et al., 2005). Notably,
Uth1, a protein localized to the mitochondrial outer membrane,
and Aup1, a putative protein phosphatase localized in the mito-
chondrial intermembrane space, were suggested to be critical
for mitophagy (Kissova et al., 2004, 2007; Tal et al., 2007).evelopmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc. 87
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some of autophagy-related (Atg) proteins and directly mediate
mitophagy. Although a recent study reported that mitophagy in
yeast requires Atg11, a scaffold protein required for selective
autophagy (Kanki and Klionsky, 2008), whether mitochondria are
specifically sequestered by autophagosome-like membranes,
and whether other cytoplasmic constituents are excluded from
the mitochondria-containing vesicles, remain to be addressed.
In addition, very little is known about the molecular mechanisms
by which selective autophagy is targeted to mitochondria.
Here we show that a substantial fraction of mitochondria are
exclusively sequestered as cargoes and transported to the
vacuole in post-log phase cells under respiratory conditions.
Our genome-wide visual screen reveals Atg32, a protein essen-
tial for mitophagy that localizes to mitochondria and interacts
with Atg8 and Atg11, proteins critical for recognition of cargo
receptors. Our findings suggest that Atg32 functions as a mito-
chondrial receptor that directly participates in selective degrada-
tion of mitochondria.
RESULTS
Mitochondria Are Degraded through a Selective
Autophagy-Related Process
To investigate transport of mitochondria to the vacuole, we
observed yeast cells lacking the vacuolar proteases Pep4 and
Prb1. In these mutants, autophagic bodies, the inner membrane
structures of the autophagosomes, are kept largely intact and
accumulate in the vacuolar lumen (Takeshige et al., 1992).
When grown in nonfermentable glycerol medium, cells contain
mitochondria that are active in respiration. In those cells, we visu-
alizedmitochondria and vacuoles usinggreen fluorescent protein
(GFP) and red fluorescent protein (RFP) markers (mito-GFP and
vac-RFP), respectively (Figure 1A). We found that, in log phase
cells, the mitochondria formed tubular networks that had almost
no overlaps with the vacuole. When the cells reached to post-log
phase, their mitochondria were converted from tubules to frag-
ments. Notably, a substantial fraction of mitochondria were
transported to the vacuole in those cells. This event was depen-
dent on Atg7, an essential factor for autophagy. Electron micros-
copy revealed that many electron-dense bodies as well as some
autophagic bodies, both of which were 200–300 nm in diameter,
accumulated within the vacuole in an Atg7-dependent manner
(Figure 1B). Importantly, in contrast to autophagic bodies, those
electron-dense bodies did not contain cytoplasmic ribosomes.
Instead, they appeared to enclose double membrane-bound
structures, in which cristae-like patterns were sometimes visible.
Immunoelectron microscopy using antibodies specific to the
mitochondrial protein Atp2 indicated that those structures were
mitochondria (see Figure S1 available online). Together, these
findings demonstrate that mitochondrial autophagy selectively
occurs in post-log phase cells under respiratory conditions.
We often detected structures similar to isolation membranes,
cup-shaped enveloping membranes (autophagosome interme-
diates), in close proximity to mitochondrial fragments in the cyto-
plasm. These structures are likely to represent the generation of
‘‘mitophagosomes,’’ a process similar to macroautophagy (Fig-
ure S2A). In addition, we examined cells lacking Ypt7, a GTPase
essential for homotypic vacuole fusion. Although autophago-88 Developmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc.somes are formed normally in this mutant, they do not fuse to
vacuoles and accumulate in the cytosol (Kirisako et al., 1999).
When atg5D ypt7D cells in stationary phase under respiratory
conditions were shifted to fresh glucose medium, nearly all mito-
chondrial fragments were converted to tubular networks by
fusion (Figure S2B). Under the same condition, a substantial
fraction of mitochondrial fragments were found in ypt7D cells.
This observation indicates that those fragments were excluded
from tubular networks, likely because they were enclosed by
autophagosome-like membranes through ‘‘macromitophagy.’’
To determine which Atg proteins are essential for mitophagy,
we examined patterns of mito-GFP in cells lacking each of 28
ATG genes (Table 1). In mitophagy-positive cells, green vacuolar
staining patterns are detected, because when mitochondria are
degraded, GFP retains its fluorescence in the vacuole containing
Pep4 and Prb1. Fourteen of the core Atg proteins that are essen-
tial for both bulk autophagy and the cytoplasm-to-vacuole tar-
geting (Cvt) pathway, an autophagy-related transport process
selective for the vacuolar enzymes Ape1 and Ams1 (Nair and
Klionsky, 2005), were also indispensable for mitophagy. In addi-
tion, we found that mitophagy required Atg11, an essential
adaptor protein for pexophagy and the Cvt pathway (Kim et al.,
2001). Similar results were reported in a recent study (Kanki
and Klionsky, 2008). By contrast, mitophagy occurred in cells
lacking Atg13, a core factor that activates the Atg1 protein kinase
(Kamada et al., 2000). Under the same condition, atg13D cells
exhibited partial and severe defects in the Cvt pathway and
bulk autophagy, respectively (Figures S3A and S3B). In addition,
Atg17, Atg29, and Atg31 specific for bulk autophagy (Kawamata
et al., 2008), and Atg proteins specific for the Cvt pathway were
not essential for mitophagy. These results suggest that mitoph-
agy is a bona fide autophagy-related process that is mechanis-
tically distinct from bulk autophagy and the Cvt pathway.
We further analyzed cells lacking Atg11 and Atg17, scaffold
proteins required for the Cvt pathway and bulk autophagy,
respectively, under respiratory conditions. Cells expressing the
mitochondria-targeted dehydrofolate reductaseGFP (mito-
DHFRGFP) marker were grown in glycerol medium, and
observed in log and post-log phase. The processing of mito-
DHFRGFP and Ape1, a Cvt cargo, indicated their transport to
the vacuole (Figure 1C). We found that, although less efficient
than in wild-type cells, mito-DHFRGFP and Ape1 were trans-
ported to the vacuole in the absence of Atg17. By contrast, the
mito-DHFRGFP processing was completely blocked in cells
lacking Atg11. Electron microscopy revealed that autophagic
and mitochondria-containing (mitophagic) bodies accumulated
in the absence of Atg11 and Atg17, respectively, in vacuolar
protease-deficient cells (Figure 1D). Taken together, these data
support the notion that, under respiratory conditions, mitophagy
occurs independently from bulk autophagy.
Atg32 Is a Protein Essential for Mitophagy
To identify proteins acting in mitophagy, we used a nonessential
gene deletion array containing 5150 strains, and performed
a genome-wide visual screen for mutants that were defective in
transporting mito-GFP to the vacuole. Our initial screen isolated
53 mitophagy-defective strains (30 mutants that are known to
be defective in autophagy and/or the Cvt pathway, and 23
mutants that have not been implicated in those processes)
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Figure 1. Mitochondrial Degradation Selectively Occurs in Post-Log Phase Cells under Respiratory Conditions
(A) Mitochondrial GFP- and vacuolar RFP-expressing (mito-GFP and vac-RFP) pep4D prb1D and atg7D pep4D prb1D cells were grown to log and post-log phase
(1 and 5 days, respectively) in glycerol medium, and investigated using fluorescence microscopy. Scale bar, 2 mm.
(B) pep4D prb1D and atg7D pep4D prb1D cells were grown for 5 days in glycerol medium, and examined by transmission electron microscopy. AB, autophagic
body; MB, mitophagic body. Scale bars, 200 nm.
(C) Mitochondria-targeted DHFRGFP-expressing (mito-DHFRGFP, depicted by arrow) wild-type, atg7D, atg11D, atg17D, atg11D atg17D, and pep4D prb1D
cells were grown for 1 and 3 days in glycerol medium, and subjected to western blotting. Generation of free GFP (depicted by arrowhead) indicates transport of
the marker to the vacuole. Precursor (p) Ape1 is transported to the vacuole via the Cvt pathway, and processed to a mature (m) form. Pgk1 was monitored as
a loading control.
(D) atg11D pep4D prb1D, atg17D pep4D prb1D, and atg11D atg17D pep4D prb1D cells were grown for 5 days in glycerol medium, and examined as in (B). AB,
autophagic body; MB, mitophagic body. Scale bars, 200 nm.(Tables 1 and S1 [available online]). The latter group consists of
strains lacking proteins that act in diverse pathways including
membrane trafficking, proteinmodification anddegradation, lipid
metabolism, and mitochondrial metabolism. Thus, it is likely that
mitophagy is a complexprocess that involvesa variety of proteins
and cellular functions. We found that Aup1 and Uth1, proteins
that have been suggested to be required for mitophagy, were
not essential for selective degradation of mitochondria under
our conditions (data not shown). Intriguingly, a mutant lackingDECM37 (YIL146C), an uncharacterized gene that has been
reported in a large-scale analysis (Lussier et al., 1997), displayed
a near-complete loss of mitophagy. Thus, we called this gene as
ATG32. Cells lacking Atg32 exhibited no obvious defects inmito-
chondrial and vacuolar morphology, and growth on fermentable
and nonfermentable media (Figures S4A and S4B).
We first confirmed that mito-GFP did not colocalize with
vac-RFP in post-log phase cells lacking Atg32 under respira-
tory conditions (Figure 2A). Electron microscopy revealed thatevelopmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc. 89
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accumulated in atg32D pep4D prb1D cells (Figure 2B). The pro-
cessing of mito-DHFRGFP barely occurred, but the maturation
of Ape1 was not significantly altered in cells lacking Atg32 during
respiratory growth (Figure 2C). In addition, starvation-induced
autophagy was normal in the absence of Atg32 (Figure 2D).
Furthermore, under nutrient-rich and starvation conditions,
Ape1 maturation in atg32D cells occurred as efficiently as it did
in wild-type cells (Figure 2E). These results suggest that Atg32
plays a primary role in post-log phase mitophagy.
Atg32 Is Anchored to the Mitochondrial Surface
ATG32 is predicted to encode a 59 kDa protein containing
a transmembrane domain (TMD), although its localization and
topology have not yet been experimentally determined. Because
Atg32 is required specifically for mitophagy, we speculated that
this protein is anchored on the surface of mitochondria. Consis-
Table 1. ATG Gene Requirements for Autophagy-Related
Pathways in the Budding Yeast Saccharomyces cerevisiae
Genotype Mitophagy Cvt Pathway Autophagy
atg1D   
atg2D   
atg3D   
atg4D   
atg5D   
atg6D   
atg7D   
atg8D   
atg9D   
atg10D   
atg11D   +++
atg12D   
atg13D ++  
atg14D   
atg15D +++ +++ +++
atg16D   
atg17D ++ +++ 
atg18D   
atg19D +++  +++
atg20D +  +++
atg21D +++  +++
atg22D +++ +++ +++
atg23D ++  ++
atg24D +  +++
atg26D +++ +++ +++
atg27D ++ ++ ++
atg29D +++ +++ 
atg31D +++ +++ 
Mitophagy was assayed in mito-GFP-expressing cells grown in glycerol
medium for 5 days. The requirement of the Cvt pathway and autophagy
for certain ATG genes has previously been described (Xie and Klionsky,
2007; Nakatogawa et al., 2009). Phenotypes are indicated with plus
and minus signs as follows: +++, wild-type-like; ++, slightly defective;
+, partially defective; , completely defective.90 Developmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc.tent with this idea, indirect immunofluorescence microscopy
revealed that Atg323HAn, a functional variant that was 3xHA-
tagged within its N-terminal region and expressed under the
ATG32 promoter, localized to mitochondria (Figure 3A).
We next examined N-terminally GFP-tagged Atg32 and its
truncated variants overexpressed in atg32D cells (Figure 3B).
The full-length GFPAtg32(2-529) and GFPAtg32(381-529),
a variant consisting of the TMD and C-terminal domain, targeted
to mitochondria. By contrast, GFPAtg32(2-388) containing the
N-terminal domain dispersed in the cytosol and nucleus. These
results indicate that a region containing the Atg32 TMD and
C-terminal domain include information sufficient for mitochon-
drial targeting.
In addition to Atg323HAn, we generated Atg322HAc,
another functional variant that was 2xHA-tagged within its
C-terminal region, and examined both HA-tagged proteins using
biochemical assays. When whole cell homogenates were frac-
tionated into post-mitochondrial supernatant and mitochon-
dria-enriched pellet, Atg322HAc and Atg323HAn were found
in the mitochondrial fractions (Figure 3C). Next, the mitochon-
drial fractions were subjected to protease protection assays
(Figure 3D). Atg323HAn was degraded when proteinase K
was externally added. Notably, Atg322HAc was cleaved into
a 17–24 kDa form that retained inside the mitochondria. The
prominent 18 kDa band corresponded to a region consisting of
the Atg32 TMD and C-terminal domain plus the 2xHA tag.
Carbonate extraction assays revealed that both HA-tagged
proteins were inserted into membranes (Figure 3E). Taken
together, these results suggest that Atg32 localizes to mitochon-
dria as a single-pass outer membrane protein with its N- and
C-terminal domains exposed to the cytosol and intermembrane
space, respectively (Figure 3F).
Atg32 Is Induced during Respiratory Growth
How do cells initiate mitochondrial degradation? Based on our
finding that Atg32 is essential for mitophagy under respiratory
conditions, we assumed that the Atg32 levels would increase
during respiratory growth. The steady-state levels of Atg32
3HAn and mitophagy-dependent processing of mito-DHFR
GFP were simultaneously monitored in early to post-log phase
(Figure 4A). We found that the Atg32 levels in mid-log phase cells
(30 hr of growth)were increased5- to 10-fold comparedwith cells
grown in glucose medium (0 hr of growth), and then decreased
through late to post-log phase (36–72 hr of growth). The slightly
delayed disappearance of Atg32was seen in atg7D cells. In addi-
tion, evenwhen expressed under a strong, constitutive promoter,
the Atg32 levels were eventually reduced in post-log phase (data
not shown). Together, these data suggest that Atg32 is tempo-
rally upregulatedprior tomitophagy under respiratory conditions,
and subsequently degraded in an autophagy-dependent and
autophagy-independent manner.
What affects the expression of Atg32? Assuming that mitoph-
agy contributes to removal of damaged mitochondria, we
speculated that the Atg32 levels might increase in response to
oxidative stress during respiration. Hence, we investigated
whether N-acetylcysteine (NAC), a precursor form of the antioxi-
dant glutathione and a scavenger of free radicals, could suppress
the Atg32 induction (Figure 4B). Interestingly, maximal Atg32
levels in NAC-treated cells were reduced 2- to 3-fold compared
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Figure 2. Atg32 Is Essential for Mitophagy
(A) Mito-GFP- and vac-RFP-expressing wild-type, atg7D, and atg32D cells were grown in glycerol medium for 5 days, and investigated using fluorescence
microscopy. Scale bar, 2 mm.
(B) atg32D pep4D prb1D cells were grown as in (A), and examined by transmission electron microscopy. AB, autophagic body. Scale bars, 200 nm.
(C) Mito-DHFRGFP-expressing wild-type, atg7D, and atg32D cells were grown in glycerol medium, and collected at the indicated time points, and subjected to
western blotting. The processing of Ape1 from the precursor (p) to mature (m) forms was examined as described in Figure 1C. Pgk1 was monitored as a loading
control.
(D)Wild-type, atg7D, and atg32D cells expressing a cytosol-localized variant of a vacuolar alkaline phosphatase were grown under nutrient-rich conditions (YPD),
and then nitrogen-starved (SDN) for 4.5 hr. Autophagy in these cells was analyzed by alkaline phosphatase (ALP) assays. ALP activities were measured in three
experiments. Data represent the averages with bars indicating standard deviations.
(E) The processing of Ape1 in wild-type, atg7D, and atg32D cells incubated as in (D) was examined by western blotting.with untreated cells. By contrast, the levels of Por1, a mitochon-
drial protein, were not decreased by NAC treatment. Consistent
with this result, mitophagy was significantly suppressed in the
presence of NAC (Figure 4C). The Ape1maturation occurred effi-
ciently in both NAC-treated and untreated cells, indicating that
the functions of Atg11 and the core Atg proteins are not altered
in the presence of this antioxidant. Collectively, our data support
the idea that oxidative stress triggers the Atg32 induction and
positively affects mitophagy. It should, however, be noted that
the moderate expression of Atg32 in cells grown in galactose
medium (fermentable but nonrepressive) did not result in mito-
chondrial degradation (data not shown). Thus, it is possible that
other factors are expressed and/or activated to promotemitoph-
agy under respiratory conditions.
Atg32 Interacts with Atg8 and Atg11
How does mitochondria-anchored Atg32 mediate mitophagy? It
is tempting to speculate that Atg32 serves as a mitochondrial
receptor for directly recruiting certain Atg proteins that are essen-
tial for denovo formationof isolationmembranes. In this scenario,
the Atg32-Atg interactions might contribute to cargo (mitochon-dria) recognition. In yeast, Atg19 is a receptor protein specific
for the Cvt pathway that binds cargoes (Ape1 and Ams1) and
interacts with Atg8 and Atg11 (Shintani et al., 2002). Similarly,
p62/SQSTM1, a scaffold protein containing an ubiquitin
binding-associated domain, binds cargoes (polyubiquitinated
proteins) and interactswith LC3, anAtg8 homolog, inmammalian
cells (Pankiv et al., 2007). Recent studies have revealed that both
Atg19 and p62/SQSTM1 contain WXXL, a conserved motif
crucial for their direct interactions with Atg8 and LC3, respec-
tively (Ichimura et al., 2008; Noda et al., 2008; Pankiv et al.,
2007). Interestingly, the Atg32 cytosolic domain contains a
WXXI motif that is conserved among the yeast homologs
(Figure 5A). Therefore, we tested the Atg32-Atg8 and -Atg11
interactions, and found that Atg32 bound both Atg proteins in
yeast two-hybrid systems (Figure 5B). Thus, it seems likely that
Atg8 and Atg11 play direct roles in Atg32-mediated mitophagy.
Importantly, Atg32AQAA, a WXXI mutant containing W86A and
I89A substitutions, did not bind Atg8, but was capable of Atg11
binding. Consistent with these observations, cells expressing
Atg32AQAA displayed partial defects in mitophagy (Figure 5C).
Moreover, an Atg8 mutant that is defective in its interaction withDevelopmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc. 91
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(A) Mito-RFP-expressing atg32D cells were transformed with a low-copy plasmid that encodes Atg323HAn or an untagged Atg32 with the ATG32 50 and 30
untranslated regions (UTRs), grown in glycerol medium for 30 hr, and analyzed by indirect immunofluorescence microscopy. Scale bar, 2 mm.
(B) Schematic representation of GFPAtg32 truncated variants. A predicted transmembrane domain (TMD) is highlighted in blue (upper panel). Mito-RFP-
expressing atg32D cells were transformed with a low-copy plasmid that encodes these GFPAtg32 fusions with the strong TEF2 promoter, grown to log phase
in glucose medium, and observed using fluorescence microscopy (lower panel). Scale bar, 2 mm.
(C) atg32D cells were transformed with a low-copy plasmid that encodes untagged Atg32, Atg322HAc, or Atg323HAn with the ATG32 50 and 30 UTRs , grown
to log phase in galactose medium, and subjected to subcellular fractionation. The whole-cell homogenate (W) was separated into the post-mitochondrial super-
natant (PMS) and mitochondria-enriched pellet (M). Pgk1 and Por1 were monitored as cytosolic and mitochondrial markers, respectively.
(D) The mitochondrial fractions in (C) were treated with (+) or without () proteinase K (PK) under isotonic conditions. Tom70 and Tim50 were monitored as outer
membrane and intermembrane space markers, respectively.
(E) The mitochondrial fractions (M) in (C) were treated with Na2CO3, and separated into the soluble supernatant (S) and membrane pellet (P). Por1, Tim44, and
Mge1 were monitored as an integral membrane, a peripheral membrane, and a soluble protein, respectively.
(F) Atg32 is predicted to localize to the outer membrane (OM) of mitochondria, exposing its N- and C-terminal domains to the cytosol (CYTO) and intermembrane
space (IMS), respectively.the Atg19 WXXL motif was only partially functional in mitophagy
(data not shown). Collectively, our results suggest that the
Atg32 WXXI motif, at least to some extent, acts in cargo (mito-
chondria) recognition via its interaction with Atg8.
We next investigated the localization patterns of Atg8 during
mitophagy. Previous studies have demonstrated that Atg8 local-
izes to the preautophagosomal structure (PAS), a perivacuolar
dynamic assembly at which most of the core Atg proteins
localize under nutrient-rich and starvation conditions (Suzuki92 Developmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc.et al., 2001). Atg8 also serves as an autophagosome/Cvt vesicle
marker, and is transported into the vacuolar lumen (Kirisako
et al., 1999). In mid-log phase cells under respiratory conditions,
GFPAtg8was found as discrete dots near the vacuole (data not
shown). Those dot-like structures were likely to be the PAS.
Notably, a fraction of GFPAtg8 dots in late-log phase cells
localized to mitochondria in an Atg32-dependent manner
(Figures 5D and 5E). Those mitochondrial GFPAtg8 dots
were often found away from the vacuole. These observations
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mitophagy on the mitochondrial surface.
To further examine the interaction of Atg32 with Atg8 and
Atg11 in vivo, we used strains expressing Atg32 or functional
Atg323HAn under the endogenous promoter. When mitochon-
dria-enriched fractions obtained from those cells grown in
glycerol medium were subjected to immunoprecipitation using
anti-HA antibodies, the endogenous Atg8 and Atg11 coimmuno-
precipitated with Atg323HAn (Figure 5F). The cytosolic Pgk1
and mitochondrial Por1 were hardly detected under the same
conditions, indicating that the Atg32-Atg8 and -Atg11 interac-
tions were specific. The low efficiency of the coimmunoprecipi-
tation might be due to their transient or labile interactions. These
results suggest that Atg32 forms complexes with Atg8 and Atg11
during respiratory growth.
A
B
C
Figure 4. Atg32 Is Induced during Respiratory Growth
(A) Atg323HAn- and mito-DHFRGFP-expressing (depicted by arrow)
atg32D and atg7D atg32D cells were grown in glycerol medium, collected at
the indicated time points, and subjected to western blotting. Generation of
free GFP (depicted by arrowhead) indicates the transport of the mitochondrial
marker to the vacuole. Pgk1 was monitored as a loading control.
(B) Atg323HAn-expressing atg32D cells were grown in glycerol medium in
the presence (+) or absence () of 10 mM N-acetylcysteine (NAC), collected
at the indicated time points, and analyzed as in (A).
(C) Mito-DHFRGFP-expressing wild-type and atg7D cells were grown in
glycerol medium with (+) or without () 10 mM NAC, collected at the indicated
time points, and analyzed as in (A). The processing of Ape1 from the precursor
(p) to mature (m) forms was examined as described in Figure 1C.DISCUSSION
In this study, we demonstrate that autophagy-dependent selec-
tive degradation of mitochondria occurs in a manner distinct
from bulk autophagy in yeast. This selective process requires
Atg32, a mitochondria-anchored protein that might act as a
mitophagy receptor.
Our extensive studies using electron microscopy provide
compelling evidence that, under respiratory conditions, mito-
chondrial fragments are solely enclosed by autophagosome-
like vesicles and transported to the vacuole. This selective
process is in striking contrast to starvation-induced autophagy
that sequesters cytoplasmic constituents including mitochon-
dria in a nonselectivemanner (Takeshige et al., 1992). Mitophagy
does not require Atg17 essential for bulk autophagy, whereas
bulk autophagy does not require Atg11 essential for mitophagy
(and other selective autophagy-related pathways). These find-
ings suggest that, although mitophagy and bulk autophagy
occur simultaneously in post-log phase cells under respiratory
conditions, these processes take place independently from
each other. However, because Atg11 interacts with Atg17 (Yor-
imitsu and Klionsky, 2005), we do not exclude the possibility that
these two Atg proteins might cooperatively participate in both
mitophagy and bulk autophagy.
Notably, mitophagy occurs in cells lacking Atg13, a protein
essential for autophagosome formation. How can mitophagy
be mediated without this core Atg protein? Atg13 interacts
with the Atg1 protein kinase and promotes activation of Atg1,
particularly upon nutrient starvation (Kamada et al., 2000).
Although we do not rule out thoroughly the involvement of
Atg13 in mitophagy, it is possible that, under respiratory condi-
tions, Atg1 can be activated in a manner independent of
Atg13. Because Atg11 also interacts with Atg1 (Kamada et al.,
2000), one possibility is that Atg11 contributes to activation of
Atg1 during respiratory growth. In addition, a yet unknown
factor(s) might activate Atg1 under respiratory conditions. Alter-
natively, the basal activity of Atg1 might be enough to mediate
mitophagy, a process that is much less drastic and rapid than
starvation-induced autophagy.
Our genome-wide screen led us to identify Atg32, a protein
essential for selective degradation of mitochondria. Several lines
of evidence support the idea that Atg32 acts as a mitophagy
receptor. First, deletion of ATG32 causes loss of mitophagy,
but doesnot affect bulk autophagyand theCvtpathway.Second,
Atg32 localizes to mitochondria as an integral outer membrane
protein. Third, Atg32 interacts with Atg8 and Atg11, two Atg
proteins that are known to bind the Cvt receptor Atg19 in yeast
(Shintani et al., 2002). Fourth, Atg32 contains a conserved
Atg8-binding motif and a region required for Atg11 interaction
(data not shown) in its N-terminal domain facing the cytoplasm.
This topology allows Atg32 to recruit these Atg proteins to the
surface of mitochondria. Fifth, a fraction of Atg8 is targeted to
mitochondria in an Atg32-dependent manner. Taken together,
our data strongly suggest that Atg32 defines the selectivity of
mitochondrial autophagy.
Although the detailed mechanism of Atg32-mediated mitoph-
agy is not entirely understood, we speculate that this membrane-
anchored protein recruits the autophagic machinery to the
mitochondrial surface and participate in formation of theDevelopmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc. 93
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Figure 5. Atg32 Interacts with Atg8 and
Atg11
(A) Schematic representation of the Atg32 domain
structure. The WXXI motif and transmembrane
domain (TMD) are highlighted in red and blue,
respectively (upper panel). An amino acid
sequence alignment of the WXXI motifs and their
flanking regions from yeast Atg32 homologs is
shown. Sc,Saccharomyces cerevisiae; Ag,Ashbya
gossypii; Kl, Kluyveromyces lactis; and Cg,
Candida glabrata.
(B) Cells were transformed with two yeast two-
hybrid assay plasmids pGAD and pGBD, which
encode the indicated proteins or empty vector
(empty), and grown on +His and His+3AT plates.
The Atg32AQAA mutant contains W86A and I89A
substitutions.
(C) Mito-GFP-expressing atg32D cells were trans-
formed with a low-copy plasmid that encodes
no protein (p-empty), wild-type Atg32 (p-WT), or
Atg32AQAA (p-AQAA) with the ATG32 50 and 30
UTRs, grown in glycerol medium, and observed
using fluorescence microscopy at the indicated
time points. GFP patterns were quantified in 100
cells in three experiments. Data represent the aver-
ages of all experiments, with bars indicating stan-
dard deviations.
(D) GFPAtg8- and mito-RFP-expressing wild-
type and atg32D cells were grown in glycerol
medium for 42 hr, treated with CellTracker Blue
CMAC (for vacuolar staining), and analyzed by
fluorescence microscopy. Scale bar, 2 mm.
(E) At least 100 cells of each strain exhibiting
GFPAtg8 dots observed in (D) were scored.
Data represent the averages of all experiments,
with bars indicating standard deviations.
(F) Mitochondria-enriched fractions were obtained
from Atg323HAn- or Atg32-expressing atg32D
pep4D prb1D cells grown in glycerol medium
for 33 hr, solubilized, and subjected to immunopre-
cipitation using anti-HA antibody-conjugated
agarose. The solubilized fractions (input) and
eluted immunoprecipitates (elute) were analyzed
by western blotting.mitophagosome. One scenario could be that (1) Atg32 recruits
Atg8 and Atg11 to mitochondria, (2) the scaffold protein
Atg11 mediates formation of a PAS-like assembly of core Atg
proteins on the mitochondrial surface, and (3) Atg8 and other
core Atg proteins cooperatively generate isolation membranes
surrounding mitochondria. Atg32 might function throughout
these events. Intriguingly, Atg32 contains an intramitochondrial
domain, a potential module that could communicate with other
proteins and/or sense physiological changes inside the organ-
elle. With this module, Atg32 might regulate its own receptor
function in response to the functional state of mitochondria.
To our surprise, we found that, under respiratory conditions,
the Atg32 protein level is decreased during mitophagy. The
reason for this is not entirely certain, however, it is possible
that trace amounts of Atg32might be sufficient tomediate selec-
tive degradation of mitochondria. Alternatively, posttranslation-
ally modified Atg32 molecules, which have not been detected
in our systems, might function in mitophagy. In addition, we do
not exclude the possibility that, during respiratory growth,94 Developmental Cell 17, 87–97, July 21, 2009 ª2009 Elsevier Inc.Atg32 might also act in yet unknown pathway(s) related to mito-
chondrial function(s). Experiments are currently underway to
investigate how cells control the level and activity of Atg32,
and whether Atg32 is also involved in other cellular processes.
Mitophagy is a fundamental process essential for cell homeo-
stasis. Although we have found Atg32 homologs only among
yeasts, this protein contains an evolutionarily conserved WXXI/L
motif critical for interactions with the Atg8 family members, sug-
gesting the existence of Atg32 functional homologs in other
eukaryotes. It will be interesting to find human mitophagy recep-
tor(s) with the following features: mitochondrial localization, LC3
interaction, WXXI/L motif, and single membrane-spanning
topology with N and C termini facing the cytoplasm and inter-
membrane space, respectively.
Obviously, additional experiments are needed to further
understand the mechanisms by which cells control selective
degradation of mitochondria, and the physiological significance
of mitophagy. Future studies in yeast will address these impor-
tant questions.
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Strains and Growth Conditions
Yeast strains and plasmids used in this study are described in Supplemental
Data. Standard genetic and molecular biology methods were used for yeast
and bacterial strains. Yeast cells were grown at 30C in rich medium (YPD;
1% yeast extract, 2% peptone, 2% dextrose), and synthetic media (0.17%
yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammo-
nium sulfate, 0.5% casamino acids) containing 2% dextrose (SDCA), 0.1%
dextrose plus 2% galactose (SGalCA), or 0.1% dextrose plus 3% glycerol
(SGlyCA), supplemented with necessary amino acids. For mitophagy induc-
tion, cells grown to mid-log phase in YPD or SDCA were incubated at 30C
in SGlyCA. For autophagy induction, cells grown to mid-log phase in YPD
were incubated at 30C in starvation medium (SDN; 0.17% yeast nitrogen
base without amino acids and ammonium sulfate, 2% dextrose) for 4.5 hr.
For isolation of mitochondria, cells were grown to mid-log phase at 30C in
SGalCA.
Microscopy and Live Cell Imaging
Cells were observed using an inverted microscope (IX81; Olympus) equipped
with differential interference contrast optics, epifluorescence capabilities,
a 100X objective lens (UPlanApo 100X, NA: 1.35; Olympus), a monochrome
CCD camera (CoolSNAP HQ; Roper), and filter sets for GFP, RFP, and
7-amino-4-chloromethylcoumarin (CMAC) staining (U-MGFPHQ, U-MWIY2,
and U-MNUA2, respectively; Olympus). Images were captured using image
acquisition and analysis software (MetaMorph 7.0r4; Molecular Devices).
Electron Microscopy
Ultrastructual analysis of yeast cells was performed by Tokai-EMA Inc. essen-
tially based on plunge freezing and freeze-substitution fixation methods as
described elsewhere (Baba et al., 1994). Briefly, cells were collected by centri-
fugation, sandwiched with an EM grid between two copper disks, and quickly
frozen with liquid propane using a rapid freezing device (EM CPC; Leica). The
frozen cells were subjected to substitution fixation using 2% osmium tetroxide
in acetone solution containing 3% H2O. For immunoelectron microscopy,
substitution fixation was carried out using 0.2% glutaraldehyde in acetone
solution containing 3% H2O. Ultrathin sections of the fixed cells were incu-
bated with rabbit anti-Atp2 (F1b) polyclonal antibody (1:200 dilution) at 4C
overnight.
Immunoblotting
Samples corresponding to 0.1–0.2 OD600 units of cells were separated by
SDS-PAGE followed by western blotting and immunodecoration. After treat-
ment with enhanced chemiluminescence reagents, proteins were detected
using a luminescent image analyzer (LAS-4000 mini; Fujifilm).
Enzymatic Measurement of Autophagic Activity
Cells derived from the KOY137 strain background were subjected to an alka-
line phosphatase (ALP) assay as reported previously (Noda et al., 1995). The
autophagic activity was estimated by ALP assays using 1-naphthyl phosphate
disodium salt as a fluorogenic substrate. One unit was defined as the activity to
release 1 mmol naphthol/min/mg protein.
Indirect Immunofluorescence Microscopy
The localization of Atg32 expressed under the endogenous promoter was
analyzed as described previously (Kondo-Okamoto et al., 2006) with some
modifications. Cells were grown in SGlyCA for 30 h, and fixed with 4% form-
aldehyde for 30 min at 30C. Then 5–10 OD600 units of cells were collected
by centrifugation, washed once with H2O, and resuspended in 0.2 ml TD buffer
(0.1 M Tris-HCl [pH 9.4], 10 mMDTT) at 30C. After incubation for 10 min, cells
were collected by centrifugation, and resuspended in 0.2 ml SP buffer (20 mM
potassium phosphate buffer [pH 7.4], 1.2 M sorbitol) containing 2.5 mg/ml
Zymolyase 100T (120493; Seikagaku). After digestion for 15 min at 30C, cells
were washed twice with buffer A (0.1 M Tris-HCl [pH 8.0], 1 M sorbitol), and
applied to polylysine-coated multiwell slides. Cells were blocked in a signal
enhancer reagent (Image-iT FX, I36933; Molecular Probes) for 30 min, and
incubated with primary antibody for 60 min. The primary antibody, mouse
anti-HA (University of Utah Core Facility), was diluted to 1:500 in buffer B(50 mM Tris-HCl [pH 8.0], 150 mM NaCl). Cells were washed three times
with buffer B, and incubated with the fluorescent secondary antibody for
60 min. The secondary antibody, Alexa Fluor 488-conjugated goat anti-mouse
immunoglobin G (A11001; Molecular Probes), was diluted to 1:10,000 in buffer
B. Cells were washed four times with buffer B. All steps were performed at
room temperature. Image capturing and data processing were performed as
described in the Microscopy and Live Cell Imaging section of Experimental
Procedures.
Biochemical Fractionation
Cells were grown to mid-log phase in SGalCA, and the whole-cell homoge-
nates were separated into post-mitochondrial supernatant and mitochon-
dria-enriched pellet fractions by differential centrifugation as described
previously (Kondo-Okamoto et al., 2006). Mitochondrial fractions were then
subjected to protease protection and carbonate extraction assays based on
the previously reported procedures (Kondo-Okamoto et al., 2006).
Yeast Two-Hybrid Assays
Open reading frames of ATG32, atg32AQAA containing W86A and I89A muta-
tions, ATG8, ATG11, ATG19, were cloned into pGAD-C1 and pGBD-C1
(James et al., 1996). The cloned constructs were co-introduced into the indi-
cator strain PJ69-4A (James et al., 1996). The transformants were spotted
on SD (0.17% yeast nitrogen base w/o amino acids and ammonium sulfate,
0.5% ammonium sulfate, 2% dextrose, amino acids as required) agar plates
lacking Leu and Trp for maintenance of the plasmids, and those additionally
lacking His with 6 mM 3-aminotriazole to suppress background, and grown
at 30C for 3 days.
Quantification of Mitophagy and Atg8 Localization
For amitophagy assay,mito-GFP-expressing cells were grown in SGlyCA, and
observed at indicated time points. Cells exhibiting vacuolar-staining patterns
of GFP signals were scored as ‘‘mitophagy-positive.’’ Phenotypes were quan-
tified in 100 cells per sample, and the standard deviation was calculated from
three individual experiments. Data represent the averages of all experiments
(n = 300), with bars indicating standard deviations. For an Atg8 localization
assay, GFPAtg8- and mito-RFP-expressing cells were grown in SGlyCA
for 42 hr, and further incubated for 15 min in SGlyCA containing 10 mM
CellTracker Blue CMAC (Molecular Probes) for vacuolar staining. Images of
the CMAC-stained cells were captured, and GFPAtg8 dots that localized to
mitochondria were scored. The standard deviation was calculated from 8–12
individual images. Data represent the averages of the number of GFPAtg8
dots per cell (n = 100), with bars indicating standard deviations.
Immunoprecipitation
Coimmunoprecipitation assays were performed using atg32D pep4D prb1D
strains expressing Atg32 or Atg323HAn from a low-copy plasmid with the
ATG32 promoter. Mitochondria-enriched fractions were obtained from the
80 OD600 units of cells grown in SGlyCA for 33 hr as described previously
(Kondo-Okamoto et al., 2006), solubilized in 0.5 ml IP buffer (50 mM Tris-HCl
[pH 7.5], 100 mM NaCl, 0.1 mM EDTA, 0.2% Triton X-100, and 0.4% protease
inhibitor cocktail [P8340; Sigma]) at 4C for 5 min, and subjected to centrifuga-
tion (15,000 3 g) at 4C for 5 min. The supernatant was incubated with 20 ml
anti-HA agarose conjugate (A2095; Sigma) at 4C for 12 hr with gentle agita-
tion. The beads were washed three times with 0.5 ml phosphate-buffered
saline containing 0.2%protease inhibitor cocktail, and collected by centrifuga-
tion (15,000 3 g) at 4C for 1 min. Immunoprecipitates were eluted with SDS-
sample buffer, and analyzed by western blotting. The solubilized fractions
and eluted immunoprecipitates loaded per lane were 1.5% and 33% of the
total extracts subjected to incubation with anti-HA-conjugated agarose,
respectively.
SUPPLEMENTAL DATA
Supplemental Data include four figures and three tables and can be found with
this article online at http://www.cell.com/developmental-cell/supplemental/
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